This paper discusses the variation of the Modulus of subgrade reaction (k) backcalculated from slab deflection basins, interactive with the location of the Falling Weight Deflectometer (FWD) load pulse, and curling of slabs due to daily temperature variations. The k-value was calculated following the AASHTO design guide's procedures, while deflection basins were recorded at an interval of 3 to 4 hours along the day on an instrumented concrete pavement test section in West Virginia. The state of deformation of the slabs are continuously monitored, through dowel bar bending measurements and records of the temperature gradient profiles through the slab thickness, as well as joint openings every 20 minutes. The results indicated that the backcalculated k-values are greatly affected by the positive temperature gradient, and the least variation in (k) was found in the slab center. In order to minimize errors in back-calculations of k-values, it is recommended to perform the FWD test for recording deflection basins in the interior of the slab during late evening or in the early morning.
Introduction
The design concept of rigid pavements is to determine a proper slab thickness and joint spacing to serve traffic loads for a given base and subgrade, and to resist thermal curling stresses and transverse cracking for a particular climate. The Elastic Modulus of Subgrade Reaction (k) is a required design parameter that characterizes the response of the subgrade material. Westergaard was the first to introduce the terms Modulus of Subgrade Reaction and Radius of Relative Stiffness to describe the relative stiffness of the concrete slab to that of the subgrade [1] . Westergaard also suggested that deflection measurements of the slab surface could be used for backcalculation of the k-value rather than load tests on the subgrade. Also based on deflection of an infinite slab, Hall [2] developed equations for backcalculation of subgrade k values for concrete and composite pavements. Studies at the SHRP LTPP experiment section [3] suggested the use of the AREA method that used sensor arrangements of the FWD device to calculate the radius of relative stiffness.
Nondestructive deflection testing of pavements using FWD has long been used for the backcalculation of layer moduli. Since the test is applied on the top surface of existing slabs, it is important to take into consideration the variation in slab conditions in order to obtain accurate results. Concrete pavement slabs are greatly affected by climatic changes, thus the k-value is anticipated to vary accordingly. Due to daily temperature variations, a nonlinear temperature gradient occurs across the slab thickness compelling the concrete slabs to curl to either a concave or a convex configuration, according to the gradient profile. Associated with curling, concrete slabs tend to expand or contract due to uniform temperature rise or drop. The vertical displacement of the slab edge due to a linear temperature differential was first derived by Westergaard [4] for an infinite, semi-infinite, and infinite long strip slab assuming full contact between the slab and the foundation. However, experimental data have shown that a gap may occur between the bottom of the slab and the subgrade when subjected to temperature differential, which lead to loss of subgrade support for parts of concrete slabs [5] [6] . Analysis of experimentally measured slab deflections and strains by Yu et al. [7] showed that concrete slabs on a stiff base can act completely independent of the base or monolithically with the base, depending on the loading condition. Studies using 3D finite element modeling (3DFEM) allowed an in-depth analysis of the slab deformation and its state of stresses due to temperature variations. Shoukry [8] discussed the combined effect of slab curling and application of FWD load in the slab center, and concluded that slab curling due to positive thermal gradient greatly influenced the measured FWD deflection basin, leading to variation in the backcalculated moduli. William et al. [9] examined the effect of temperature gradient combined with uniform temperature change on the deformation of concrete slabs, using 3DFEM that incorporated dowel jointed slabs, slab weight, and possibility of separation between the slab and the subgrade. Overcoming the drawbacks of Westergaard's assumptions, this investigation demonstrated the curling deflection of concrete slabs and its corresponding longitudinal and transverse stresses.
It is obvious that defining the proper location of conducting the FWD test, for the collection of deflection basins is interconnected with the state of deformation of the slab along the day. The main concern is to collect deflection basins in a location of full contact between the slab bottom and the underlying strata. The AASHTO design guide states that the deflection basin should be measured on the wheel path. On the other hand, mid-slab deflection testing is used for the purpose of estimating the effective subgrade modulus using the closed-form backcalculation procedure [10] that satisfies the principles of dimensionless analysis. For interior, edge, and corner deflection measurements, Crovetti [11] developed the following correction equations for backcalculation of k-value based on plate bending theory: For slab edge:
and for slab corner:
In which: Δ 0 = Maximum deflection D =
Bending stiffness of slab = ( ) The objective of this study is to give an insight of the variation in k-values backcalculated according to the procedure stated by the AASHTO design guide through an experimental program focusing on two parameters; a) location of the FWD test throughout the slab, b) time of the day when the test is performed. Deflection measurements of rigid pavement slabs were recorded by performing 
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Experimental and Applied Mechanics the FWD test on 3 different slabs of an instrumented test section in West Virginia. For each of the 3 slabs, tests were conducted with an interval of 3 to 4 hours through the 24 hours of the day. The maximum FWD applied load was 67 KN, and deflection basins were collected from each slab in 6 locations as shown in Fig. 1 . This test was repeated 3 times for different climates. The first was in March 2002, while the second was conducted in June 2002 during daytime only due to difficulties in weather conditions and thunderstorms that prevented testing at night. The test was then repeated in July 2002.
Instrumented Pavement Section
An instrumented test section was constructed on Robert C. Byrd's Highway near Elkins, West Virginia, which allows long term monitoring of the performance of full-scale slabs and joints. The test site was constructed in September 2001, measuring 135 meters and consisting of 30 slabs. The concrete slabs are 4.50 x 3.60 m and 0.28 m thick with tied shoulders, and rest on 0.10 m thick free drainage asphalt stabilized base, underplayed by a 0.15 m layer of compacted gravel. Along the test section, six slabs were instrumented. A detailed instrumentation plan as well as a description of the sensors and data acquisition systems could be found in reference [12] . The state of curling of the slabs is indicated by records of dowel bending measurements of instrumented epoxy coated dowels 38.1 mm in diameter and 457 mm long located at each slab transverse joint [12] . For collecting bending strains, two uniaxial strain gages were mounted on the top and bottom of the dowel within the bar center. Temperature gradients across the slab depth are measured by a thermistor tree including 11 thermistors located at an interval of 25.4 mm from the slab bottom. The Mean dynamic Modulus of Subgrade Reaction in the slab center is calculated according to the Deflection Testing and backcalculation method outlined in the AASHTO design guide [13] . Equations 1 and 2 were used to solve for the slab corner and edge.
Results and Discussion
The dynamic k-value was calculated for each designated location on the three individual slabs, and the average of the three values is used for the analysis of results. Fig. 2 shows the distribution profiles of mean static k-values around the slab for the test conducted in March, at two different times through the day. The Mean static k-value is calculated by dividing the mean dynamic k-value by two. The 3D plots show a high value of the modulus of subgrade reaction at the slab edges and the slab transverse joints compared to those of the slab center. The maximum values at those locations are found during the day and early afternoon till around 5:00 pm. Fig. 3 illustrates the distribution of k-values for the slab center as well as the slabs corner versus different times along the day. The same observation is noticed for the results computed in July. 
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Calculated values of (k) for both tests are listed in Table 1 and Table 2 . The plots for the distribution of k-values clearly illustrate that a variation of the backcalculated k-value is dependent not only on the time of the day, but also on the location where the deflection basins are collected. 
Experimental and Applied Mechanics
The variability in the backcalculated k-value is related to numerous factors, among which of great importance is the state of curvature of the slabs. Temperature gradient developed through the slab thickness, has a significant influence on slab curling, and varies in magnitude as well as amount of non-linearity during the time of the day. Fig. 4 illustrates the change of temperature gradients across the slab thickness during the days of recording the deflection basins. Fig. 5 -a shows the value of temperature gradient calculated as the difference between the temperatures at the slab bottom and 25.4 mm from the slab top. The maximum positive temperature gradient occurs in the afternoons from 1:00 pm, till 4:00 pm, while the maximum negative gradient occurs at nighttime from 1:00 am to 5:00 am. It is thus anticipated that the lower and upper peaks of k-values would be found at those particular timings.
In the case of a positive temperature gradient across the slab thickness, the longitudinal slab edges and transverse joints tend to curl downwards and the maximum deflection occurs at the slab corners. This behavior compels the underlaying strata to compress at those locations where the maximum contact area between the slab base and the base layer takes place. Under this action, if the slab weight is not large enough to bring the slab center into contact with the base layer, a gap occurs at this location. This is observed by the high magnitude of k-value backcalculated at the slab edges and corners relative to those of the slab center. On the other hand, when the slab is subjected to a negative temperature gradient, the slab edges tend to curl upward against gravity restoring its original position, and the largest contact area between the slab bottom and the base layer occurs at the slab center, increasing the k-value at this location. This behavior is well identified in Fig. 2 and Figure 3 where the largest k-values occur at the slab corners around 4:00 pm to 5:00 pm while minimum k-values are noticed at the slab center. During this time period the slab is subjected to maximum positive temp gradient.
The largest deformation of the slab occurs at the slab edges and is demonstrated through measurements of the corner dowel bending moments as shown in Fig. 5-b . The change in dowel bending moments follows the change in the temperature gradient along the hours of the day, indicating the dominant effect of this temperature gradient on the slab deformation.
For the purpose of comparing the k-values according to the location of the FWD test, the values calculated at the transverse joint, as well as in the slab center will be considered. Results at corners show significantly high values while those k-values at the slab edges near the shoulder and at the longitudinal joint show more significant variability in magnitude during different hours of the day. The variation in backcalculated modulus of subgrade reaction is plotted against variation in temperature gradients in Fig. 6 . For the case of the slab center, the k-value is indirectly proportional to the values of temperature gradients, and vice versa for the case at the transverse joints. This observation confirms the concept of slab deformation and contact area between the slab and the base under the effect of temperature gradients. In July, the overall temperature of the slab is three times higher than that in March. It is anticipated that the deformation of the slab will be larger, and this is Considering the test conducted in July, it is noticed that (k) approaches the same value at both positions of the transverse joint and the slab center at the time when maximum negative gradient occurs. This observation indicates that at the maximum negative gradient the slab was able to restore the same contact characteristics between its base and the underlying strata along its length. This concept could also be noticed in Fig. 5-b , where the magnitude of dowel bending didn't change from positive to negative as the case in the month of March. Measurement of joint openings showed an average opening of 0.45 mm in the month of March compared to 0.25 mm in July. The higher values of the joint opening in March indicate that the slabs are in a state of contraction compared to that in July, thus greater contact areas and compaction of the base layer take place, resulting in higher values of (k). Statistical analysis of the calculated k-values show that the standard deviation of the results calculated at the slab center are far smaller than those calculated for the results obtained at the slab corners. For the test conducted in July the standard deviation for the slab corner near the shoulder and near the longitudinal joint amounts 557 and 493 respectively. While that for the slab center was calculated to be 39. Similarly those calculated for the test in March are 499 at the shoulder corner, 666 for the long-joint corner and 76 at the slab center. This clearly illustrates that the variability of K-values at the slab center is smaller compared to those at other locations of the slab.
Summary and Conclusions
This study is based on field data and FWD tests performed on a newly constructed rigid pavement section in West Virginia. According to the results presented in this investigation, the Modulus of subgrade reaction backcalculated from deflection basins is sensitive to the temperature gradients across the slab thickness, and consequently to the position where those deflection basins are recorded. Observation of the backcalculated k-values at the slab center demonstrated that during springtime, (k) varies according to the time of the day up to 17%. Similar variation was also recorded in Summer time at the slab center, while the variation at transverse joints where up to 50 % along the day. The presented results are attributed to the structural and environmental characteristics of the newly constructed instrumented test section in West Virginia, while the degree of variability in k-value may vary according to the effect of several pavement variables including the slab thickness, type of base, degree of saturation, efficiency of dowel bar support at transverse joints and moisture variation across the slab thickness. 
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Experimental and Applied Mechanics
The AASHTO design guide describes a procedure to account for seasonal changes while calculating the mean design modulus of subgrade reaction. Observation of the backcalculated k-values indicate that selecting the timing and position of performing the FWD test for the purpose of collecting deflection basins in each season are significant to minimize errors. The slab center showed the least variation in backcalculated k-values compared to slab edges and corners. It was also demonstrated that backcalculated k-values tend to approach close values for those at the transverse joint and at the slab center at time of negative temperature gradient across the slab thickness. Therefore it is recommended to record deflection basins for backcalculations either in late evening or in early morning.
